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ABSTRACT 

The Ryan radar scatterometer was used to obtain data over the 
Pisgah Crater area in California. Nearly all the information in the 
versus 8 curves was retained when the curves were represented by two 
straight line segments: one from 5 to 20  degrees and the other from 40 
to 60 degrees,  Areas of different geological type could be separated 

0 

on the basis of slope-intercept values from the l ines,  though grouping 
patterns for each line were different. These grouping patterns may pro- 
vide information on surface roughness. 

a in 0,  and errors in the assumed position of the resolution cell.  Factors 

are given to correct for the primary aircraft motions, 

Aircraft flight deviations produce errors in cr magnitude, errors 
0 
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Analysis of Scatterometry Data 
From Pisgah Crater 

Introduction 

Radar return has been used to obtain infor ion about the earth 
images of poor phot-o 
t ,  and although these 

terrain for only the las t  few years. At first ,  ra 
graphic quality were all the analyst had to inte 
images were made by systems not intended for terrain analysis,  they pro- 
duced results.  This spurred the interest of many people to develop new 
systems and techniques for determining terrain properties with electro- 
magnetic waves. Though built to obtain design data for lunar landing 

. radars, the Ryan radar scatterometer has many features which make it 
(1) attractive for remote sensing. 

The Ryan scatterometer can measure the radar backscattering cross 
section per unit surface area (o0) of various types of earth terrain for a l l  
angles of incidence (9) out to +. 60 degrees from vertical. These measure- 
ments are made simultaneously by a single recording of the echo signal 
from the terrain and are separated into angular components using the 
doppler frequency in conjunction with knowledge of aircraft velocity and 
altitude. 

This report presents the results of one flight (mission 21, fight 5 )  
made with the Ryan scatterometer over the Pisgah Crater area in California 
on April 5 ,  1967.  The data are correlated with 14  distinct geological areas 
along the flight path. In addition, correction factors have been derived 
which can be applied to the scatterometry data to  correct for undesirable 
aircraft motion and for known earth profile changes. 
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System Operation 

The Ryan scatterometry system uses  a unique process for obtain- 
ing the o0 versus 8 curves. The equipment and methods are discussed in 
the following paragraphs. 

at a frequency of 13.3 GHz which is transmitted from the aircraft through an 
antenna with a Dolph-Chebishev design. An identical receiving antenna 
collects the energy reflected from the ground. The two-way antenna patterns 
have a very wide beamwidth of approximately 100 degrees along the flight 
path (see fig. 1) and a narrow 2.5 degree beamwidth across the flight path.* 
The antennas have low side lobe levels, are vertically polarized, and their 
patterns are centered on the vertical axis of the aircraft. 

A 1.5-watt klystron generates continuous-wave electromagnetic energy 

The energy collected from all angles by the receiving antenna is 
doppler coded by virtue of the aircraft motion and therefore contains the 
necessary information for 8 separation. This received signal is detected 
by a direct-to-audio technique, amplified, and recorded on an FM tape 
recorder. The tapes are then available for processing a t  a later date.  

Processing the tapes consists of playing the tapes back through a 
single sideband modulator to shift the doppler spectrum up to a carrier 
frequency or angle. The incidence angles for which the comb filters are 
set are - + 5, + - 10, + - 15, + - 20,  2 30, -+ 40,  +, 50, and +_ 60 degrees. The 
bandwidth of each filter is set such that the resolution cell lengths along 
the flight path are identical and the 30 degree incidence angle resolution 
cell is square. The outputs from the filters are fed into an analog-to-digital 
converter and then into a digital computer. The computer program was 
written to give an  output of o0 versus 8 for consecutive resolution cells 
along the flight path at the previously mentioned 8 incidence angles.  

* After the data for this paper had been computer processed, i t  was found 
that cr at the aftbeam 60 degree incidence angle was in error. This was 
due tooa corresponding error in fig 1, the antenna gain pattern, and was 
caused by the shape of the aircraft upon which the antennas were mounted. 
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The computer program does t include oo corrections for unde- 
sirable aircraft motion or 
the flight path. This req ions 
for mini 
is discussed in the next section. 

o error. The 0 
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Scat terome try Mea s ure men t 

Before becoming involved in the manipulation of data ,  a check 
should be made on the statistical fluctuation of individual measurements. 
In particular, the number of independent samples ni occuring during the t ime  
for the radar to pass through a resolution length 1 should be calculated. 
This is given by (2 1 

n = TIME TO TRAVERSE R 
TIME/SAMPLE 

v 

where V is the aircraft velocity and Us is the width of the processing 
filter. Using the data from this flight, ni was found to vary from 1090 a t  
5 degrees to 138 at 60 degrees. This does provide an adequate l imit  for the 
statist ical  fluctuations. 

It was assumed on all the scatterometry flights that only minor 
* deviations were present in the aircraft flight path and in the slope of the 

terrain under investigation. This assumption enabled the analyst to use a 
constant range value for each angle of incidence' in calculating eo. How- 
ever, there are a number of undesirable aircraft motions which can affect 
the accuracy of the eo versus 0 measurements. Correction factors can be 
found and applied to the data for each motion type or, if not applied, can 
give the analyst some idea of the data accuracy and explain some of the 
random fluctuations in the data. 

There are three ways in which aircraft flight deviations produce 
errors. They are: a) error in eo magnitude , b) error in 8 , and c) error in 
the assumed position of the resolution cell. The error in eo magnitude due 
to range errors is s m a l l  enough to be neglected under normal operating 
conditions (see table 1). Of the three error types, the error in the assumed 
position of the resolution cell may be the m o s t  serious when only small homo- 
geneous areas are present on the terrain under investigation. It could be 
possible to m i s s  s m a l l  geological areas entirely or to locate their responses 
in the wrong place. 

slope in the oo versus 8 cume may get as high as 2 or 3 db per degree at 
The error in 0 can affect data accuracy a t  all incidence angles. The 
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The slopes lie in  the neighborhood of 5 0.5  to 

An error of 5 degrees in  0 ,  for example, would 
the large incidence angles.  

Unfortunately, much of the same sensitivi 
slope of the terrain a s  wel l  as by the aircraft mot 

produced by the 
iscussed in the 

the error types. 

Vertical Change 

Resolution Cell 
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R = Slant. range from antennas to resolution 
U = Resolution cell width 
/ =  Resolution cell length 
L = Horizontal distance to center of resolution cell 

Qi = Incidence angle 

jd = Angular width of the resolution cell 
,$ei = Angular length of the resolution cell at some €Ji 

a) (T correction factor: 
The range (R) and resolution cell length (1) and width (w) under normal 
operation conditions are given below: 

0 

R S  h /COS 8i 
w = 2, R TAM (z3/, = 2 ( h/Cos 8i ) 

h [TAN (0; -+ A@;/>) - TAN (Qi- A € 3 ~  /d] 
The range and resolution cell length and width after a change in height of 
Ah are: 

RAh 
UAh a,, 

The radar equation is: 

Where: Pr = Received signal power 

Pt = Transmitted signal power 

Gi = Gain of antenna in direction of Qi 

X = Wavelength of transmitted signal 
Ai = Area illuminated 

= ~ 1 ,  assuming constant gain over the resolution cell area 
N 

Thus, the correction factor for (T- becomes: 

b) Resolution cell location: 
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Under normal conditions the distance from the center of the resolution 
cell to the point directly below the aircraft is given by: 

with a height change of & this distance become 
L = h TAN Eli 

= (h -k &) TAN Eli 
or the resolution cell has moved to a new loc 

Lateral Move men t 
a) There is no correction factor needed for 
aircraft. 
b) The resolution cell moves by the same amount of the lateral movement. 

for lateral movement of the 
OO 

Pitch 
a) The error in oo due to pitch is produced in the same manner a s  that for 
an  error in Eli. The doppler frequency coding insures the proper incidence 
angle on f la t  terrain regardless of the pitch angle, The antennas are fixed on 

’ the sides of the aircraft so that pitch would tend to rotate the antenna beam 
through the resolution cell. The error in oo is approximately t 0.5 to 1.0 db 
per degree of pitch for incidence angles between 10 to 50 degrees and -1.0 db 
per degree for the 60 degree angle of incidence. Also, the changes in go will 
be opposite for the same angle in the fore and aft beams thus magnifying the 
difference in the two beams. 
b) A s  mentioned above, the dop&r coding insures no movement of the reso- 
lution cell with changes in pitch angles.  

Cell  
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Under normal operating conditions when there is no crab (G = 0) , the 
doppler frequency f can be expressed by: 

.F= z\J S I N &  
-x 

When crab is present in the aircraft flight, the expression for doppler 
frequency must be modified to account for the hyperbolic shape of the 
constant doppler l ines fore and aft of the aircraft. Crab results i n  the 
beam reaching out a little farther and the incidence angle is increased. 
When e# 0 ,  

$ =  2\/ L q C 0 6 Y  
R Y  7\- 

Since the resolution cell travels an  a constant doppler line, the 
two expressions for doppler frequency must be equal, 

ZV SIN€$+ - 2\/ Ly,Cos YJ $ z -  - 
c_I 

P- A R v  
or 

and the new incidence angle is: 

The results of such an  incidence angle change has been discussed previous- 

l Y  * 
a) (ro correction factor 

The range (R&I and resolution cell length ([d and width (WJ when G# 0 are: 
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which is 



As with crab, roll causes the incide 

-$= 2\/ SIN Qi, 

ngle to change 
expressions f9r the doppler frequency with and without roll are: 

-n 

Equating thB two expressions under constant doppler frequency conditions 
give: 

or 

and finally, the new incidence angle Ge is: 

a) u correction factor 

The range (R ) and resolution cell length (1 ) and width (m ) when 5 # 0 are: 
0 

e E I 

h 
Rq = cos p ‘cos 0i 
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The location of the reso 

which is: I 

away from the flight line. The along-track displacement is 
X =  h  TAN(^ 

Location of errors on data 

The data is presented as  (ro versus 8 curves for each resolution 
cell. A s  described earlier, the uo values are  measured a t  different t i m e s  
as the aircraft flies along to produce the different incidence angles. Thus, 
a malfunction of the equipment (i,e., power failure, recording dropout, etc.) 
or aircraft motion error w i l l  affect the uo values at all fore and af t  incidence 
angles a t  one particular t ime. The results of such 
signal on a number of cro versus 8 curves a t  differe 
look for such fa signals,  the resolution cell shi  
The horizontal distance from the aircraft to the resolution cell has  been 
given as: 

pear as a false 

8 m u s t  be known. 
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L, feet n,  cells 5. 
5O 348 1.6 

loo 705 3.26 

lSQ 1072 4.96 

2 oa 1456 6.8 

30' 2 310 10.7 

40° 3358 15.52 

50° 4760 22.04 

60° 6930 32.06 

To determine the results of a malfunction or aircraft motion error, a search 
must be made for each 9 at the indicated cell (n) fore and aft of the error 
point. 
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scatterometer over Pisgah Crater. 

forebeam data,  figs. 3 and 4, and aftbeam data,  figs. 5 and 6. The geo- 
logic areas  in  figs. 3-6 are indicated by number which correspond to those 
in Table I and the identification number references the data fo the original 
cro versus 8 curves (see fig. 7 for typical curve pair). Each identification 
number refers to data taken over a two resolution cell length. 

be formed in straight line segments similar to that of fig. 7; one from 5 to 
The data were reduced by assuming that t he  cro versus 8 curves could 

20 degrees, another from 40 to 60 degrees, with the 30 degree oo value 
nearly the same as that of the 40 degree oo. Slope and intercept values were 
obtained for each of the straight line segments; a zero degree intercept value 
w a s  used for the 5 to 20 degree line and a 50 degree intercept value used for 
the 40 to 60 degree l ine,  The results of these measurements are shown in 
figs. 8- 11 for the forebeam and aftbeam. 

Results 
The reflectance of electromagnetic energy from terrain is primarily 

quasi- specular at vertical incidence 
effects of both the electrical properties of th 

rees) and represents the 
rial and the surface rough- 

ance from terrain is diffuse 
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The cross- over region between vertical type reflecti 
type reflection 
insensitive to 
interpreted as 
From the forebeam data (figs. 3 and 4) 
13  degrees and does not seem to change much during the entire run. The cross- 

over region between vertical type and non-vertical type ref1 
beam data is approximately 11 degrees and again is relatively const 
entire run. The difference in  the forebeam and aftbeam cross-over region sug- 
gests either an equipment misalignment, the antennas for example, or a natural 
geologic alignment. Such a n  alignment might be caused by erosion from rain 
or prevailing winds, or by the lava flow itself. If i t  can be found that the dif- 
ference does not have a geologic origin, the cross-over region may have use 
as a calibration or reference point. Even i f  there is a geologic origin for the 
forebeam-aftbeam cross-over region difference, it may st i l l  be  used to check 
for gross e,rrors i f  it can be shown to vary 2 degrees or less over all terrain as  
indicated from this test. 

adily determined from the data as  the  a 
ges  in  the type of terr 
reak point between q 

ion for the aft- 

The results of plotting slope versus the zero degree intercept for the 5 
to 20 degree forebeam line is shown in figs. 1 2  and 13. It can be seen from 
fig. 1 2  that certain areas  can be separated by merely _using information from 
the first 20 degrees of the uo versus 8 curves. The slope-intercept values 
clearly separate playa lake sediment (area 14) and alluvial material (areas 1 

and 3) from the basalt  flows and cinder cone area. Areas 1, 3, and 14 have 
been further divided into smaller pieces to show that even though a n  area is of 
one geologic type , it may not be uniform throughout in i t s  uo measurements. Fig. 
1 3  shows in  more detail the porphyritic olivine basalt  flows and suggests that 
the material in  these areas ,  though separable to  some extent, have similar 
surface roughness and electrical properties. 

cept values in fig. 14.  A s  seen in this fig. , there appears to be far more con- 
trast  in  the geological areas defined by the large incidence angle uo measure- 
ments than by the small incidence angle uo measurements of figs. 1 2  and 13. 
Of particular interest is the manner in  which the 40 to 60 degree slope-intercept 

The 40 to 60 degree slope values are plotted versus the 50 degree inter- 

s consecutive geolo reas  blended into each other i n  order of 
across  the flight line. The overlap of areas shows that there are 

transitions between adjacent areas  instead of a n  abrupt dividing line. 
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has definite 
intercept patterns in figs. 12-14 cbtained from t 

these spots are merely listed below with a 
suspected problem. The comments are included in this paper to suggest 
improvements which can be made in the data gathering process and as a 
guide to future processing of scatterometer data. 

Reference identification numbers 120-130 in aftbeam data 
and 105-120 in forebeam data of figs. 3 - 9 .  There is an  
abrupt change in the data that does not occur at the same 
place for the different incidence angles. This suggests that 
the resolution cell location changes with angle. 
The terrain tends to slope away from the cinder cone, area 5. 
However, not all the differences in the forebeam and aftbeam 
data can be correlated with this slope. For example, compare 
the forebeam and aftbeam 5, for area 1 2 .  If the area is homogen- 
eous,  it should have the s a m e  5 values in both directions 
with only statistical fluctuations appearing as differences between 
the two beams. This was also pointed out earlier in connection 
with the cross-over region between vertical type and non-vertical 
type reflection, and it was suggested that the difference may be 
caused by the s rometer system itself. If , on the other hand , 
the area is not be different in 

0 

e a m  G curves, 
0 

ues starting at 
e incidence angle 

s, and ends at iden 
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numbsr 133 at the 50 degree incldftnce angle. This shift 
with incidence angle has the same order and magnitude as 

described in the section tit1 f errors on data”.  
This may be a false signal recorded in the aircraft at the time 
the Plsgah Crater flight was made. 
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The following conclusions are based on the 
data in this paper. 

a) The error in o0 magnitude due'to range errors produced by air- 
craft flight deviations is s m a l l  enough to be neglected under 
normal operating conditions. 

b) The error in 0 and the error in assumed position of the resolution 
cell produced by aircraft flight deviations can become serious 
under certain conditions and should be investigated for each 
flight. 

c) The cross-over region between vertical type and non-vertical type 
reflection is approximately 13 degrees for the forebeam and 11 
degrees for the aftbeam. This cross-over region may prove useful 
a s  a calibration or reference angle. 

d) Nearly al l  the o0 versus 0 curves could be represented by two 
straight lines to reduce the bulk of the data.  

e) The slope-intercept values extracted from the linearized 0 
versus 0 curves show similar grouping patterns to those from 
surface roughness and can be used to differentiate areas of 
different geologic type. 

0 

The results of the scatterometer measurements over Pisgah Crater 
indicate a high degree of success in separating areas of differing geologic 
type. I t  is doubtful that any remote sensing system can be found which 
will correctly identify soil or rock types 100 percent of the time. However, 
i t  may be possible to narrow the field down to a "group identity" by the process 
of elimination. I t  is only when more and more tests are made and analyzed 
that the similar can be se t  apart from the genuine. 
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TABZE If GEQLQGIC NAMES OF AREAS 

Area 1 
Area 2 

Area 3 
Area 4 
Area 5 
Area 6 
Area 7 
Area 8 

Area 9 
Area 10 
Area 11 
Area 12 
Area 13 
Area 14 

Alluvial mataria1 
Porphyritic Qliviqe basalt flows of secQnd eruptive phase 

Alluvial material 
Microporphyritic olivine basalt flows of first eruptive phase 
C indar cone 
Porphyritic olivine basalt f laws of final eruptive phase 
Porphyritic olivine basalt flows of second eruptive phase 
Porphyritic olivine basalt flows of secondary eruptive phase, 

Porphyritic olivine basalt flows af second eruptive phase 
Porphyritic olivine basalt flows of final eruptive phase 
Porphyritic olivine basalt flows of second eruptive phase 
MicrQporphyritic olivine basalt flows of first  eruptive phase 
Lake sediments and basalt 
Playa Lake sediment 

plus windblown alluvial material 

faulted area 
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